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Abstract. Many experimental studies have demonstrated
that VHF Stratosphere-Troposphere (ST) radar echo power
is proportional to the generalized refractive index gradient
squared M2 when using a vertically oriented beam. Be-
cause humidity is generally negligible above the tropopause,
VHF ST radars can thus provide information on the static
stability (quantiﬁed by the squared Brunt-V¨ ais¨ al¨ a frequency
N2) at stratospheric heights and this capability is useful
for many scientiﬁc applications. Most studies have been
performed until now at a vertical resolution of 150m or
more. In the present paper, results of comparisons between
radar- and (balloon borne) radiosonde-derived M2 and N2
are shown at a better vertical resolution of 50m with the
MU radar (34.85◦ N, 136.15◦ E; Japan) by beneﬁting from
the range resolution improvement provided by the multi-
frequency range imaging technique, using the Capon pro-
cessing method. Owing to favorable winds in the tropo-
sphere, the radiosondes did not drift horizontally more than
about 30km from the MU radar site by the time they reached
an altitude of 20km. The measurements were thus simul-
taneous and almost collocated. Very good agreements have
been obtained between both high resolution proﬁles of M2,
as well as proﬁles of N2. It is also shown that this agree-
ment can still be improved by taking into account a frozen-
in advection of the air parcels by a horizontally uniform
wind. Therefore, it can be concluded that 1) the range imag-
ing technique with the Capon method really provides sub-
stantial range resolution improvement, despite the relatively
weak Signal-to-Noise Ratios (SNR) over the analyzed re-
gion of the lower stratosphere, 2) the proportionality of the
radar echo power to M2 at a vertical scale down to 50m in
the lower stratosphere is experimentally demonstrated, 3) the
MU radar can provide stability proﬁles with a vertical resolu-
tion of 50m at heights where humidity is negligible, 4) stable
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stratospheric layers as thin as 50m or less have at least a hor-
izontal extent of a few km to several tens of kilometers and
can be considered as frozenly advected over scales of a few
tens of minutes.
Keywords. Atmospheric composition and structure (Instru-
ments and techniques) – Meteorology and atmospheric dy-
namics (Turbulence) – Radio science (Interferometry)
1 Introduction
The fact that VHF Stratosphere-Troposphere (ST) radars
can provide in some circumstances a measure of the back-
ground static stability has been used many times for study-
ing various atmospheric structures and phenomena such as
the tropopause (e.g. Gage and Green, 1979; and recently Ya-
mamoto et al., 2003), tropopause folds and meteorological
fronts (e.g. R¨ ottger, 1979; Larsen and R¨ ottger, 1983; Fukao
et al., 1989; Bertin et al., 2001). More generally speaking,
the proportionality between the echo power P (corrected for
the range (z) attenuation effects, i.e. P.z2) and the square
of the mean vertical gradient of the generalized potential
refractive index M has been experimentally demonstrated
from comparisons between radar and balloon observations
(e.g. Tsuda et al., 1988; Hooper et al., 2004, and references
therein). Most discrepancies at stratospheric heights have
been explained by the effects of the horizontal inhomogene-
ity of the refractive index ﬁeld, especially under conditions
of mountain gravity wave activity, and by the (varying) hori-
zontal separation between the instruments due to the balloon
drift. At tropospheric heights, vertical variations of M2 are
dominated by humidity ﬂuctuations which are usually much
more intermittent and inhomogeneous, due to local convec-
tive processes and clouds, for example, and, consequently,
the results of comparisons often show much larger discrep-
ancies (e.g. Tsuda et al., 1988).
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In the present paper, we compare proﬁles of M2 and the
squareofBr¨ unt-V¨ ais¨ al¨ afrequencyN2 inthestratospherecal-
culated at a vertical resolution of 50m from MU radar echo
power measurements and from measurements performed by
6 GPS Vaissala balloons launched at the radar site during an
observational campaign of about 35h on 8–10 May 2006.
Such a high vertical resolution could be achieved with the
MU radar, owing to the application of the range imaging
mode used for improving the range resolution (Palmer et al.,
1999; Luce et al., 2001). Chilson et al. (2001) showed sim-
ilar but less detailed results of comparisons using data col-
lected in range imaging mode at tropospheric heights with
the SOUSY VHF radar.
The purpose of the present radar-balloon campaign was
twofold. First, it was to validate the performances of the
range imaging technique with the MU radar through com-
parisons with balloon measurements; and second, it was to
study in more detail the small-scale structures of the lower
atmosphere and in particular, the thin scattering layers of the
lower stratosphere.
The theoretical background is ﬁrst presented in Sect. 2. In
Sect. 3, we present the balloon and radar experimental set-
ups, and in Sect. 4 the methods and hypotheses used for esti-
mating M2 and N2 at a vertical resolution of 50m from bal-
loon and radar measurements are explained. The results of
comparisons are shown in Sect. 5 and conclusions are given
in Sect. 6.
2 Theoretical background
Ottersten (1969) deﬁned the vertical gradient of the general-
ized potential refractive index M as follows:
M = 77.6 × 10−6p/T
n
N2/g + 15500q/T.
h
N2/g − (∂ lnq/∂z)/2
io
, (1)
where p, q, T are atmospheric pressure (hPa), speciﬁc hu-
midity (g/g), and temperature (K), respectively. The param-
eter g is the acceleration of gravity (ms−2). The squared
Brunt-V¨ ais¨ al¨ a frequency, which is a measure of the static sta-
bility, is given by:
N2 =
g
T

dT
dz
+ 0

. (2)
The parameter 0≈10Kkm−1 is the adiabatic lapse rate.
Above the tropopause, humidity is generally negligible.
Therefore, M is proportional to N2 and to p/T, i.e. to the air
density, which roughly decreases exponentially with height
in the troposphere.
Two basic models of backscattering processes are often
proposed for explaining the radar returns: partial (or Fresnel)
reﬂection from laminar temperature and/or humidity sheets
and scattering from isotropic turbulence. The former is quan-
tiﬁed in terms of the partial reﬂection coefﬁcient ρ and the
latter in terms of turbulent reﬂectivity η. Previous works
have related these parameters to M2. For the Fresnel reﬂec-
tion mechanism, VanZandt and Vincent (1983) showed that
P.z2∝|ρ|2 ∝M2E(2k), where E(2k) is the spectrum of ver-
tical displacements at the vertical scale of half of the radar
wavelength. For the mechanism of scattering from isotropic
turbulence, P.z2∝η∝M2L
4/3
0 , where L0 is the outer scale
length of the turbulence spectrum (e.g. Gage and Balsley,
1980). The coefﬁcients of proportionality between P.z2 and 
η,|ρ|2	
are mainly related to radar parameters and wave-
length (e.g. see Hooper et al., 2004, for more details). Thus,
the two models do not provide a simple relation between the
echo power P and M2 because of the unknown quantities
E(2k) and L0. However, all the experimental studies con-
cluded that these factors do not play an important role and
that they can be considered as constant (i.e. independent of
z). Thus, in the present paper, we test the hypothesis that M2
estimates from radar observations at a vertical resolution of
50m are given by M2=KP.z2, where K is a calibration con-
stant estimated from the comparisons from balloon-derived
M2 estimates. As in Hooper et al. (2004), we will not try
to distinguish the backscattering mechanisms in the present
work. Itisbelieved, however, thatthepartialreﬂectionmech-
anism dominates, since radar echoes were aspect sensitive at
the stratospheric heights during the experiment (not shown).
3 Balloon and radar experimental setup
During the observation campaign, 6 GPS balloons (hereafter
noted B1, B2, etc.) were launched at the MU radar site. They
provided pressure, relative humidity, temperature, zonal and
meridional wind components at a time rate of 2s. Table 1
showsthelocaltimeoftheirlaunch, aswellasthetropopause
altitude obtained from the temperature proﬁles. Figure 1
shows the balloon trajectories projected in the horizontal
plane for the 6 ﬂights. Small circles indicate the position
of the balloons when crossing the height of the tropopause.
Duetoweakwinds, theballoonsdidnotdriftmorethanabout
30km from the launch site by the time that they reached an
altitude of 20km. In particular, during the ascent of B3, the
wind direction was northward and then westward in the tro-
posphere and became south-eastward when approaching the
stratosphere. The balloon drifted very close to the MU radar
site just above the tropopause. Thus, the wind conditions
were extremely favorable for comparisons between measure-
ments from the two instruments even at stratospheric heights.
The MU radar was operated in a 5-frequency range imag-
ing mode at ranges between 1.3km and 20.3km above the
sea level (a.s.l.). The observations were carried out with a
subpulse width of 1µs (corresponding to an initial height
resolution of 150m) and an optimal pulse code of 16 mo-
ments. The radar parameters used were similar to those given
by Luce et al. (2006). This observational mode was applied
in 5 directions (vertical and 4 oblique beams aligned north,
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Table 1. Launch time (LT) of the 6 GPS balloons and the tropopause height from temperature measurements.
B1 B2 B3 B4 B5 B6
Time (LT) 8 May 20:54 9 May 00:00 9 May 02:56 9 May 08:55 9 May 20:54 10 May 00:02
Tropopause height (km) 12.96 12.76 12.76 12.78 14.15 14.67
east, south and west at a zenith angle of 10◦) for estimating
horizontal winds at a high vertical resolution (not shown).
The collected data are processed with the adaptive ﬁlter-
bank Capon method for estimating high-resolution Doppler
spectra, as performed by Yu and Brown (2004) and Chilson
(2004). The acquisition time for one record of 128 samples
for the 5 directions is 40.96s without a temporal gap between
the records. The data processing is performed with an over-
lapping factor of 2, so that proﬁles for the 5 directions are
obtained every 20.48s. A vertical sampling of 5m has been
applied but this value does not correspond to the vertical res-
olution achieved by the Capon processing, since the vertical
resolution depends on SNR. For comparisons with parame-
ters estimated from balloon measurements, a vertical sam-
pling of 50m was applied. More detailed explanations are
given in Sect. 4.2.
Figure 2 shows a time-height cross section of echo power
after the Caponprocessing with a 5-m altitudesampling from
9May, 09:30LT until10May, 07:07LT. Thecrossesindicate
the position of the tropopause provided by B4, B5 and B6
(seeTable1). Below4–5km, theintenseechoespresentlarge
time-height variations likely due to cloud activity, since the
relative humidity proﬁles provided by the balloon measure-
ments revealed values close to or equal to 100% (not shown).
Above 8km, and especially in the lower stratosphere, the
stratiﬁcation is much more pronounced with long-lasting thin
echoing layers. A tropopause fold occurs around 10 May,
18:00 LT and a thick region of echo power minimum is ob-
served around 12km in the core of the jet stream, according
to the wind measurements (not shown).
4 M2 and N2 estimation methods
4.1 Estimations from balloon measurements
The vertical sampling of the pressure P, temperature T
and humidity U proﬁles typically ranges between 10 and
20m, depending on the balloon ascent rate. The ﬁrst step
was to re-sample the PTU proﬁles at a constant step of
15m after applying a spline cubic interpolation. Figure 3
shows the temperature ﬂuctuation spectrum for stratospheric
heights and for B1. It clearly reveals a slope of −3 down
to 10−2−2.10−2 cym−1 (i.e. vertical scales of ∼50–100m).
This slope is understood as a signature of saturated gravity
waves (e.g. Fritts et al., 1988; Sidi and Dalaudier, 1989). At
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Fig. 1. Trajectories of the six GPS Vaissala radiosondes launched at
the MU radar site during the experiment. Small circles indicate the
position of the balloons when crossing the tropopause.
smaller scales, the slope is close to 0, i.e. the ﬂuctuations are
dominated by the instrumental noise. Therefore, estimations
of parameters at a vertical scale of 15m would be strongly
affected by the noise. The PTU proﬁles have been ﬁltered by
using a low-pass ﬁlter with a cutoff wavelength of 100m,, so
that a vertical resolution of 50m was obtained. The N2 pro-
ﬁles from balloon measurements (hereafter noted N2
b) at this
vertical resolution are estimated from the low-pass ﬁltered
temperature proﬁles by using Eq. (2). The M2 proﬁles (here-
after noted M2
b) with and without humidity are then obtained
by using Eq. (1).
4.2 Estimations from radar echo power measurements
With the radar parameters used, SNR maxima at the ini-
tial range resolution (150m) were typically between 0 and
20dB in the lower stratosphere. According to simulations
performed by Palmer et al. (1999) and Luce et al. (2001),
the resolution performances of the Capon method should be
signiﬁcantly reduced. Thus, in accordance with the verti-
cal resolution of 50m of the M2
b and N2
b proﬁles, the high
resolution proﬁles of power Pc given by the Capon process-
ing, and corrected for the range-squared effects (i.e. Pc.z2)
have been re-sampled at a step of 50m at the altitudes of
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Fig. 2. Example of time-height plots of power after Capon processing, compensated by the range attenuation effects at a time sampling of
20.48s and a vertical sampling of 5m from 1.225km to 19.975km and from 9 May 2006 at 09:30 LT until 10 May 2006 at 07:07 LT. The
red crosses indicate the tropopause height inferred from B4, B5 and B6. Vertical bright lines correspond to airplane echoes and should not
be considered.
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the points of the M2
b (N2
b) proﬁles. This vertical sampling
should be more consistent with the effective resolution im-
provement provided by the Capon processing in this altitude
range. It still represents a factor 3 with respect to the initial
range resolution. The method used for estimating the Capon
power Pc has been described by Yu and Brown (2004) and
Chilson et al. (2004).
The proﬁles of radar-derived M2 (hereafter noted M2
r ) de-
scribed in Sect. 5.1 result from a time averaging of 71 indi-
vidual proﬁles of Pc.z2 (i.e. over about 25min) during the as-
cent of the radiosondes between altitudes of 10.5 and 20km.
The six M2
r proﬁles have been calculated with the constant
KdB=−231dB, so that <M2
r > is equal to <M2
b>, where the
average <> is performed on all the available values. Assum-
ing a dry air and from (A1), we have:
N2 =
g
77.6 10−6
T
p
|M| , (3)
where the |.| operator indicates that we use the restrictive hy-
pothesis that N2 is positive or null everywhere, i.e. that the
stratosphere is everywhere stable or neutral at a vertical scale
of 50m. According to the N2
b proﬁles shown later in Sect. 5,
this hypothesis was fulﬁlled in the present data set. How-
ever, local (slightly) superadiabatic gradients (i.e. negative
potential temperature gradients) can occur due to overturning
produced by Kelvin-Helmholtz and convective instabilities.
Such gradients were observed at vertical scales of a few tens
of meters by Mantis and Pepin (1971) in the stratosphere.
Very few have been found in very high vertical resolution
temperature proﬁles described by Dalaudier et al. (1994) and
even at a vertical scale of 12.8m in the temperature proﬁles
collected near the MU radar (Figs. 5–7 of Gavrilov et al.,
2005). Consequently, it is expected that errors should only
occur occasionally and locally.
Equation (3) shows that T/p must be estimated. Hooper et
al. (2004) used the fact that this is proportional to 1/ρ, where
ρ is the air density, assuming air as a perfect gas. They used
the standard exponential model ρ=ρ0 exp(−z/H), where ρ0
is the density at the sea level, H=RT/g is a mean scale
height of the atmosphere (of the order of 8km) and R is
the speciﬁc constant of air. However, this model is well
adapted for tropospheric heights, and substantial discrepan-
cies can occur at stratospheric heights. In the current work,
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Fig. 4a. Comparisons for the ﬂight B1 between proﬁles at a vertical
resolution of 50m of M2
r (black line) and M2
b (grey solid line for the
proﬁles including humidity and grey dotted line without humidity).
An approximate radar noise level is shown as a black dashed line.
since pressure and temperature are available from radioson-
des, they could be used for estimating T/p. This method
would not be of great interest because the objective is to re-
trieve the parameters without using data from PTU GPS ra-
diosondes. It can be noted from Eq. (3) that an accurate value
of T is not crucial since T does not usually vary by more than
10% between 10 and 20km. Pressure can play a more impor-
tant role especially at high altitudes, where pressure values
given by the model can strongly differ from the measured
values. An alternative method is to use the temperature and
pressure proﬁles from the closest meteorological radioson-
des in time and distance. We used the averaged tempera-
ture and pressure proﬁles measured from the meteorologi-
cal stations of Yonago (35.4◦ N, 133.3◦ E) and Hamamatsu
(34.8◦ N, 137.7◦ E), since they are, in principle, always avail-
able. The MU radar (34.85◦ N, 136.15◦ E) is approximately
aligned with the position of these 2 stations. The balloons
B1, B4 and B5 were launched at the same time as meteo-
rological radiosondes while the time difference was +3h for
B2, −6h for B3, and +3h for B6. The averaged pressure pro-
ﬁles did not differ by more than 1% only with respect to the
pressure proﬁles measured by the GPS radiosondes between
10 and 20km. They are thus well adapted for our objective.
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Fig. 4b. Same as Fig. 4a but for B3.
The averaged pressure and temperature proﬁles noted as ¯ pm
and ¯ Tm, respectively, have been re-sampled at a step of 50m
at the altitudes of M2 proﬁles. Consequently, the squared BV
frequency is estimated from radar measurements by:
N2
r =
g
77.6 10−6
Tm
pm
p
KPcz2. (4)
5 Results of comparisons
5.1 M2 proﬁles
Figures 4a, b, c show comparisons between M2
b and M2
r pro-
ﬁles between 10.5km and 20km a.s.l. at a vertical resolution
of 50m for three selected ﬂights, B1, B3 and B5, respec-
tively. Except below the tropopause for B1, the echoes were
signiﬁcantly aspect sensitive (about 10–20dB, not shown),
indicating the absence of intense turbulent layers producing
isotropic echoes above the tropopause.
The proﬁles of M2
b with humidity and without humidity
are given in solid and dotted grey lines, respectively. As ex-
pected, the contribution of the humidity in M2
b is negligible
in the altitude range considered in the present work, except
below the tropopause mainly for B1 (Fig. 4a). It is observed
thattheM2
b proﬁlesandtheM2
r proﬁlesagreeverywellinthe
stratosphere, despite the 25-min time averaging of the radar
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Fig. 4c. Same as Fig. 4a but for B5.
proﬁles. In particular, the positions of the main extrema in
the radar-deduced proﬁles correspond well with those found
in the balloon-deduced proﬁles. This result indicates that the
observed thin stratospheric layers did not evolve signiﬁcantly
during a time scale of 25min. The very deep minima in the
M2
b proﬁles are not always well reproduced in the M2
r pro-
ﬁles (for instance, below 18km in Fig. 4a, above 15km and
16km and below 19km in Fig. 4b), because the radar pro-
ﬁles reached their detection threshold and they resulted from
a time-averaging. Below the tropopause, the agreement is
quite poor and only the main tendencies are reproduced; the
M2
b proﬁles reveal a higher variability with height with local
(weak) peaks (for example, Fig. 4b below 12km). This result
is compatible with the more intermittent and inhomogeneous
characteristics of the weakly stable upper troposphere (e.g.
Worthington, 2004). Thus, the averaging procedure affects
more signiﬁcantly the quality of the comparisons of the pro-
ﬁles at tropospheric heights.
It is interesting to note that the proﬁles for B1 and B3
(launched before the tropopause fold) present different fea-
tures from the proﬁles for B5 (launched after the tropopause
fold). The latter show thicker peaks separated by deep min-
ima at 15.5km, 16.8km and 18km. It is not clear if this
difference can be attributed to the folding event and/or to the
presence of the jet stream or not. This topic should be the
subject of a future work.
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r and M2
b for the 6 balloon ﬂights and
between 10.5 and 20km.
Both M2
b and M2
r proﬁles reveal thin peaks (smoothed at
the initial resolution of 150m, not shown), for example, be-
tween 12 and 15km in Fig. 4b. This may indicate scatter-
ing layers even thinner than 50–100m. The good correspon-
dence between the proﬁles also indicates that their horizontal
extent can exceed a few km. The inspection of the power
maps, as in Fig. 2, show that they can persist for several
hours. Figure 5 shows a comparison analysis between M2
r
and M2
b using the 6 proﬁles. Most points are found between
+/−5dB from the diagonal. Table 2 shows cross-correlation
coefﬁcientsandstandarddeviationofthedifferenceM2
r −M2
b
for 10.5–20km and for each ﬂight. The cross-correlation co-
efﬁcients range within 0.51 (B4) and 0.84 (B1) and the stan-
dard deviations between 3.68dB and 6.82dB. It is important
to indicate that the analysis of B4 may be affected by airplane
echoes which strongly affected the radar measurements dur-
ing this ﬂight (5 events instead of 1 or 0 for the other selected
observation periods). The corrupted data have been system-
atically rejected after visual inspection of the power proﬁles
but residual spurious values, difﬁcult to separate from atmo-
spheric echoes, may still be present. Thus, the relatively low
correlation for B4 may not be representative.
The agreement is sometimes slightly better than the one
obtained by Tsuda et al. (1988), who used a vertical res-
olution of 150m. The better agreement here is likely due
to a smaller horizontal distance between the radar and the
balloons, even if this effect was not discussed by Tsuda et
al. (1988). The conditions of comparisons were thus suitable
for conﬁrming the good performances of the range imaging
technique with the Capon processing.
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Fig. 6a. Comparisons between proﬁles of N2 estimated from bal-
loon data (grey line) and from radar echo power (black line) with
a vertical resolution of 50m. The dashed and dot-dashed lines
show N2 proﬁles estimated from the meteorological balloon data
at Hamamatsu (34.8◦ N, 137.7◦ E) and Yonago (35.4◦ N, 133.3◦ E),
respectively, at a vertical sampling of 450m. The radar proﬁle used
the averaged pressure and temperature proﬁles measured by the
closest (in time) meteorological radiosondes at Yonago and Hama-
matsu around the MU radar site.
Table 2. Cross-correlation coefﬁcients and standard deviation of
the difference M2
r −M2
b for 10.5–20km.
B1 B2 B3 B4 B5 B6
Corr. Coef 0.84 0.83 0.77 0.51 0.80 0.69
σ (dB) 3.96 3.68 4.35 6.82 4.72 5.30
5.2 N2 proﬁles
Figures 6a, b, c show comparisons between the proﬁles of
N2
r and N2
b (in linear scale as it is often used to be in the
literature) for B1, B3 and B5 and comparisons for the 6
balloon ﬂights together are shown in Fig. 7. The agree-
ments are quantitatively very good, indicating that the pro-
posed method used for retrieving the static stability at a
high vertical resolution from the MU radar in range imag-
ing mode works well. The agreement is even good below the ￿ )&
￿
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tropopause because the linear scale “annihilates” the errors
for small values. A threshold effect can be seen in Fig. 7
for small N2
r values and results from the radar noise level.
The minimum N2
r detectable is about 4.10−5rad2 s−2 and is
mainly reached in the upper troposphere. As already men-
tioned earlier, it has to be noted that the N2
b proﬁles do not
reveal negative values (as well as in the 3 other proﬁles, not
shown). Both proﬁles present strong peaks that can exceed
10−3 rad2 s−2. They are likely produced by intense local
temperature gradient sheets, similar to those observed very
often in groups in high vertical resolution (20cm) tempera-
ture measurements by balloons (Dalaudier et al., 1994) and
in temperature proﬁles obtained in similar conditions near
the MU radar (not published). The good agreement thus sug-
gests that the MU radar in range imaging mode can resolve
and monitor the thin regions where temperature sheets are
embedded. For information, the N2 proﬁles at a coarse verti-
cal resolution obtained from the meteorological balloon data
at Yonago and Hamamatsu meteorological stations are also
shown.
5.3 Effects of the advection by the horizontal wind
A good agreement between the radar- and balloon-derived
proﬁles has been found but a more thorough examination of
Figs. 4 and 6 reveals signiﬁcant discrepancies especially for
B1 between 14km and 15.3km altitudes. The radar-derived
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Fig. 6c. Same as Fig. 6a but for B5.
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Fig. 7. Comparisons of N2
r and N2
b for the 6 balloon ﬂights and
between 10.5 and 20km.
proﬁles show a single thin peak at 14.5km while 2 peaks
of similar intensity are observed in the balloon-derived pro-
ﬁles at 14.5km and 14.7km. In addition, a maximum of N2
r
and M2
r is found just above 14km but does not appear in
the N2
b (M2
b) proﬁles. For the second case, the discrepancy
could have an instrumental origin, as a careful inspection of
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Fig. 8. Close-up of the height-time intensity plot of echo power
(compensated from the range attenuation effects) after the Capon
processing for about 30min after the beginning of the experiment.
The oblique line indicates the balloon path. The temperature proﬁle
(black) adjusted to the plot is plotted twice for comparing with the
power map at two different times. The light, moderate and heavy
grey rectangles represent the time period used for averaging the
power proﬁles shown in Fig. 4a (6a), Figs. 10a and b, respectively.
The white circle on the balloon path line is the position analyzed
in Fig. 9 and the second white circle plotted 10min before would
correspond to the conditions met by the balloon if the frozen-in ad-
vection was taken into account.
the original temperature proﬁle between 14km and 14.5km
revealed a remarkable linear decrease with height, indicat-
ing that data were probably missing and replaced by a lin-
ear interpolation. Therefore, the results in this altitude range
should be considered with caution. In the following, we only
focus our attention on the maxima at 14.5km and 14.7km.
Figure 8 shows a time-height intensity plot of vertical
echo power after the Capon processing between 10.5km and
17km for about 30min after the beginning of the experiment.
The balloon path is indicated, as well as the temperature pro-
ﬁle. In accordance with the N2
b proﬁles, the temperature pro-
ﬁle reveals two successive stable gradients of about 50m in
thickness around 14.5km and 14.7km. The power map in-
dicates a strong, long-lasting echoing layer at 14.5km but
a much weaker one at 14.7km at the position indicated by
a white circle along the line, indicating the balloon altitude
versus time. About 10min earlier, at the position of the sec-
ond white circle, the echoing layer at 14.7km was associated
with a peak of power similar to the echoing layer at 14.5km,
indicating that the conditions seen by the radar at that time
were more compatible with those met by the balloon. This
canoccurifinhomogeneousparcelsofairareadvectedbythe
horizontal wind. In order to check this hypothesis, we have
considered the trajectory of the air parcels for B1 (Figs. 9
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and 10). At an altitude of 14.5km, the wind speed was
u=31.2ms−1, according to the GPS balloon measurements,
and its direction was 107 degrees from the north. The hor-
izontal distance d between the balloon and the MU radar
was 19.17km. Assuming a uniform and constant horizontal
wind in the horizontal plane, simple geometric calculations
show that the air parcels met by the balloon at this altitude
passed at the nearest horizontal distance southeastward from
the radar at d=19.04km from the balloon position. This min-
imal distance dmin is 1.6km (see Fig. 9), i.e. only twice the
horizontal width of the radar beam at this altitude. Since the
balloon was at the altitude of 14.5km at about 21:30 LT, the
same air parcels were most likely observed by the MU radar
about 1t=d/u≈10min before, i.e. at the time indicated by
the white circle in Fig. 8 (about 21:20 LT). The same pa-
rameters, i.e. the wind speed u, the distance d, the minimal
distance dmin and the time lag 1t are shown in Fig. 10 for
all the altitudes between 10.5km and 20km. It can be noted
that the proﬁle of dmin presents large values and large ﬂuctu-
ations above 16km due to strong changes in wind direction
likely related to gravity waves (not shown). Also, |1t| sig-
niﬁcantly increases due to the increasing distance d and the
decreasing wind speed u. For instance, at 19km, the air par-
cel met by the balloon may have passed nearby the radar at
8km distance about 1h before. Thus, large discrepancies be-
tween the comparisons might occur at the highest altitudes
because of large values of d, dmin and |1t|. M2
r proﬁles av-
eraged over about 10min from 21:14 LT until 21:24 LT are
shown in Fig. 11b and the results obtained after a 10-min
averaging between 21:29 LT and 21:39 LT during the bal-
loon ﬂight are shown in Fig. 11a. The latter shows features
very similar to the proﬁle in Fig. 4a, obtained after a longer
time averaging of 25min. The agreement between the pro-
ﬁlesissigniﬁcantlybetteraftertakingthefrozen-inadvection
into account, not only between 14.5km and 14.7km but also
at higher altitudes between 15km and 16.5km, indicating
that the advection effects are also important in this altitude
range. In terms of correlation, there is a slight improvement,
since the correlation coefﬁcient between the M2
r proﬁles and
the M2
b proﬁles (shown in Fig. 11b) is 0.851 instead of 0.79
(Fig. 11a) and 0.84 (Fig. 4a). The same procedure has been
applied for the other ﬂights but no signiﬁcant improvement
has been obtained because there was no disagreement, such
as the one shown in Fig. 11, except for B3, where the peaks
are better reproduced below 12.4km and between 13.5km
and 14.5km (not shown).
Consequently, the present analysis revealed that the local
discrepanciesbetweentheradar-andballoon-derivedproﬁles
when using the method described in Sects. 5.1 and 5.2 can
mostly be explained by the horizontal inhomogeneity of thin
stable layers (frozenly) advected by the wind, and not by the
use of an inappropriate model. In other words, the contribu-
tion of the unknown quantities E(2k) and L0 in the models
used (see Sect. 2) is negligible, even at a vertical scale of
50m.
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Fig. 9. (Heavy grey): Balloon B1 trajectory in the horizontal plane.
(Light grey) the closest positions of the air parcels from the radar
site, assuming a frozen-in advection in an uniform and constant hor-
izontal wind. The particular case of an altitude of 14.5km is also
shown (see text for more details).
6 Conclusions
In the present work, we have described comparisons of radar-
and balloon-derived M2 and N2 proﬁles between 10.5km
and 20km, i.e. approximately in the lower stratosphere, with
a vertical resolution of 50m. Such a high vertical resolution
could be achieved with the MU radar, owing to the multi-
frequency range imaging technique with the Capon process-
ing method. From these comparisons, it can be concluded
that:
1. the range imaging technique really provides substantial
range resolution improvement in the lower stratosphere,
despite low SNR (typically between 0–20dB),
2. the proportionality of the radar echo power to M2 at a
vertical scale as small as 50m in the lower stratosphere
is demonstrated. The discrepancies can be explained by
the horizontal inhomogeneity of the thin stable layers
which can be assumed to be frozen and advected over
a few tens of minutes. The effect of other parameters,
such as the spectrum of vertical displacements and the
outer scale of turbulence, can be ignored, at least at a
ﬁrst approximation,
3. the MU radar in range imaging mode can provide N2
proﬁles with a vertical resolution of 50m in the lower
stratosphere. We propose a method based on the use of
rough measurements of temperature and pressure from
the surrounding meteorological stations,
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Fig. 10. (a) Wind speed (ms−1) measured by B1 between 10.5 and 20km. (b) The corresponding horizontal distance (km) between the
radar and the balloon. (c) Minimal distances between the radar and the air parcels met by the balloon, assuming a frozen-in advection of the
parcels in a constant and homogeneous wind in the horizontal plane. (d) The corresponding time delay between the passage to the closest
location from the radar and the location of the balloon.
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Fig. 11. (Left) Same as Fig. 4a after a 10-min averaging between
21:29 and 21:39 LT during the balloon ﬂight. (Right) Same as left
after a 10-min averaging between 21:14–21:24 LT in order to take
into account the advection of the air parcels by the wind.
4. some stable stratospheric layers as thin as 50m or less
have at least a horizontal extent of a few km to several
tens of kilometers.
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